is at the heart of the collapsible soils problem. To envisage and to model the collapse process in a 33 metastable medium, knowledge is required about the nature and shape of the particles, the types 34 of packings they assume (real and ideal), and the nature of the collapse process -a packing 35 transition upon a change to the effective stress in a media of double porosity. Particle packing 36 science has made little progress in geoscience discipline -since the initial packing paradigms set 37
geometry of which is their primary packing. A packing may be described either by reference to 23 the relative amount of the particles and by its relative emptiness, or in terms of local variations in 24 the amount of particles, or again by a statement of the average number of contacts between a 25 particle and its neighbours." 26 J. R. L. Allen (1982) 27 28 Abstract 29
Loess is the most important collapsible soil; possibly the only engineering soil in which real 30 collapse occurs. A real collapse involves a diminution in volume -it would be an open 31 metastable packing being reduced to a more closely packed, more stable structure. Metastability 32 is at the heart of the collapsible soils problem. To envisage and to model the collapse process in a 33 metastable medium, knowledge is required about the nature and shape of the particles, the types 34 of packings they assume (real and ideal), and the nature of the collapse process -a packing 35 transition upon a change to the effective stress in a media of double porosity. Particle packing 36 science has made little progress in geoscience discipline -since the initial packing paradigms set 37
by Graton and Fraser (1935) -nevertheless is relatively well-established in the soft matter 38 physics discipline. The collapse process can be represented by mathematical modelling of 39 packing -including the Monte Carlo simulations -but relating representation to process remains 40 difficult. This paper revisits the problem of sudden packing transition from a micro-physico-41 mechanical viewpoint (i.e. collapse imetan terms of structure-based effective stress). This cross-42 disciplinary approach helps in generalization on collapsible soils to be made that suggests loess 43 is the only truly collapsible soil, because it is only loess which is so totally influenced by the 44 packing essence of the formation process. 45 mathematically possible, but the study of granular matter seeks to understand so-called `random' 1 packings produced by simple bulk means, and it does not seem possible to get much below 0.5 2 (RLP) by such processes. Reynolds already noted that, when sheared, random packings collapse 3 if their initial density is low and expand if it is high. The dividing point has been found, 4 relatively recently, to be around 0.6 (Bratberg, 2003). 5
The aim of this brief (and rather subjective) cross-disciplinary review is to revisit the problem of 6 sudden transition of packing from micro-physico-mechanical viewpoint (i.e. collapse in terms of 7 structure-based effective stress), to complement the review of particle packing by Rogers et al. 8 (1994a) and the studies on collapsible soils of Derbyshire et al. (1995) and the assemblage of 9 material on hydroconsolidation in loess ground by Rogers et al. (1994b) , and to propose some 10 tentative generalizations. It might also serve as a link between speculative and imaginative 11 packing studies and real observations on collapsing ground which now, at last, seem to be 12 revealing the exact nature of the collapse mechanism see Assadi-Langroudi and Jefferson (2016), 13
Milodowski et al. (2015), Smalley and Markovic (2014) , and Xie et al. (2015) . 14 15 2. Graton and Fraser Developed 16 17
Fundamental studies on particle packing commenced by Smith et al. (1929) who preceded 18 Graton and Fraser (1935) and did, in fact, influence them. The study of particle packings in the 19 geosciences begins with Graton and Fraser (1935) . This was the seminal paper which defined 20 some basic structures and introduced some useful terminology. It was not a particularly 21 systematic treatment; the systematic approach was provided by Smalley (1971) who gave some 22 rigorous definitions and set out the limits for the definable 'simple' packings. Pettijohn (1975) -23 Page 72 -in his classic study of sedimentary rocks has a section on particle packing and this is 24 very much based on the Graton and Fraser (1935) work (see Fig.1 ). Pettijohn bases his entire 25 section on this paper. He wrote that "The study of packing requires a closer definition of 26 packing, the development of a suitable measure of 'closeness' of packing, and an assessment of 27 packing in the post-depositional period". This is still the aim of packing studies, it certainly 28 informs the material in this paper. 29 30 Figure 1 . 31 32
The definitive reviews of particle packing in the earth sciences are those by Allen (1982) -p.137-33 177 -and Rogers et al. (1994a) . Allen tackles the problems of description and nomenclature and 34 concludes that the best descriptive system to apply to Graton and Fraser type packings is that 35 defined by Smalley (1971) . The Smalley (1971) system of 'simple' packings was designed to 36 advance the Graton and Fraser approach and make it a little more rigorous. The Graton and 37
Fraser packings are 'simple' packings; this means that they are composed of equal spherical 38 particles which are arranged in regular packings such that every sphere is equivalent in terms of 39 number and orientation of contacts. The number of contacts (on every sphere) gives the co-40 ordination number CN. Every packing has an associated Voronoi polyhedron VP which Rogers 41 et al. (1994a) defined as the region formed by planes bisecting the lines linking the centre of the 42 reference sphere to the centres of the nearest particles. In some ways a complex concept, 43 reflecting the fundamental problem of representation -the problem at the heart of all particle 44 packing problems. Every packing in the simple system is defined by a unit cell, essentially in the 45 same way that crystals are defined, by a small representative part of the packing-the smallest 46 part of the packing which truly defines the packing. The packings in Fig.1 are Graton and Fraser  1 versions of unit cells of chosen simple packings. The unit cells can be described and defined by 2 defining the type of cell side and recording the number of particular sides. The system is simple 3 but slightly intricate, but Allen found it the best available; it allows the possible packings to be 4 derived and described. 5
All (most) textbooks of soil mechanics describe two simple Graton and Fraser packings. The 6 defining process depends on the unit cell; the sides of the unit cell are defined and, of course, 7
given the constraints of packing spheres in three dimensions only three side definitions are 8 required. The A side is a square side, the C side is a rhombohedral side, and the B side is in-9 between these two limiting cases. The three well-established varieties of non-overlapping, mono-10 sized sphere packings in 3D Euclidean spaces are the simple cubic (SC), the body-centred cubic 11 (BCC) and the closely packed rhombohedral (CCP), also known as face-centred (FC). The cubic 12 packing has six A faces and can be designated the 600 packing (six A faces, no B faces, no C 13 faces; case 1 in Fig.1 ). The rhombohedral packing has two A faces and four C faces, its symbol 14 is 204 (case 6 in Fig.1 Assadi-Langroudi, 2014). They idealised the soil structure to a pyramidal packing in a periodic 2 cell (Fig.4) . The real problem with BCC, from the particle packing point of view, is that it does 3 not fit into the 'simple' system of sphere packings; it is not one of the nine fundamental simple 4 packings. It is very simple to produce a unit cell which contains two particles, as Molenkamp and 5 Nazemi (2003) have done; but it is difficult to produce a unit cell which only contains one 6 particle; Tsutsumi (1973) accomplished this difficult task. The structures in particle packing would have been built with spherical particles, but the real 14 world is occupied by particles with shapes far from 'perfect' spherical. Graton and Fraser could 15 work nicely with equal spheres because they were mostly concerned with sand systems as 16 reservoirs and an ideal sand could be considered as a collection of equal spherical quartz 17 particles (also some aerosols like marine sulphate). The mode of formation of quartz sand 18 (Smalley 1966a ) tends to favour the formation of equi-axed particles with a very restricted size 19 range. But loess is different. Krinsley and Smalley (1973) suggested that small sedimentary 20 quartz particles should be distinctly blade shaped and Rogers and Smalley (1993) applied a 21 simple Monte Carlo approach which indicated that the theoretical mode particle would, in fact, 22 be a very distinctive blade with a side ratio of 8:5:2-this is a very flat particle ( controlled grinding -optical and light transmission microscopy experiments. They suggested that 28 quartz grain shape is a function of fragmentation force, which is controlled by particles' post-29 solidification fracturing-healing history and pronounced diameter. They brought an example of 30 immature sub-rounded 50-55µm silt (5-6Ø), which -in a natural quartz assembly -enjoys a 31 great number of contact points and hence confinement when fragmentation stress levels are not 32 high enough to split the particles. This relevance of particle shape and size with silt origin was 33 also reported in a set of SEM images of peridesert loess demonstrating a well-to sub-rounded 34 shape for 4-6Ø sized silt grains ( Two promising approaches can be identified: direct sedimentation of ideal loess material into an 7 oedometer testing ring-for subsequent consolidation testing, and production of an ideal packing 8 picture by a simple Monte Carlo particle dropping approach (Assallay et al. 1997). Particle 9 dropping to form ideal packings was used to form packing of equal spheres in one-dimension 10 (Smalley 1962), and it proved possible to adapt this very basic approach to the formation of two-11 dimensional structures that could model loess deposits. Dibben et al. (1998b) have produced the 12 most developed view of the particle-dropping structure and have managed to adapt it to produce 13 a simple view of collapse. The behaviour of the particles as they form the packing has been 14 simplified. The metastable computer simulation considers the contact point of two rectangular 15 particles in which the overlap is of variable widths. A pre-determined value of critical bonding is 16 specified. If two particles overlap by more than the value of critical bonding then attachment will 17 occur, cohesion will develop, otherwise the upper particle will move sideways and fall. The hydrocollapsed structure forms when the bonding and cohesion mechanisms disintegrate on 24 wetting and the system responds to collapse-causing stresses. As with the metastable structure in 25 Fig.6 the system is a complex one and to model the collapse accurately is difficult. The collapse 26
can be simulated in a simplified form in the same way as the metastable structure. If the critical 27 bonding number is increased gradually form the metastable value, then the results show how the 28 void ratio of the structure decreases until the dense collapsed structure is achieved as in Fig.7,  29 where e is about 0.6. For more discussion on the particle dropping technique to construct 30 packings see Lebovka et al. (2014 Collapse is a transition; to understand collapse it is necessary to understand the nature of the 36 transition from open soil structure to denser, collapsed structure. The transition is described in 37 every oedometer test on a collapsible soil -it would be useful if the transition could be described 38 at the single particle level, and this might be useful in establishing the basic mechanism of 39 collapse. 40
A collapse transition can be illustrated by plotting packing density PD against void ratio e. 41 Because of the relatively strange way in which e is calculated in soil mechanics this yields a 42 curve. The curve has no dynamic significance but it does allow the various packings to be 43 demarcated and the collapse route shown. It shows the relatively short route between 600 and 44 402, which essentially encompasses typical loess collapse or hydroconsolidation -and points to 45 the large collapse potential left in a loess system after the initial classic 'natural' collapse. Kezdi (1979) studied the collapse of particle packings, but from an entirely different viewpoint. 12
He was concerned with the construction of earth roads and he required efficient compaction of a 13 granular highway material to produce maximum strength and durability. A coupling between the mean normal effective stresses and shear stresses is fundamental to the 38 onset of dilation or contraction, as the resistance to shear is proportional to the mean normal 39 effective stress. In porous mediums with multiple fluids however, the effective stress is related to 40 soil's packing state. Taking this relevance into account and to simulate the collapse, Khosravani 41 (2014) and Assadi-Langroudi (2014) modelled cemented loess soil as a three-phase 42 discontinuous medium composed of sub-rounded mono-dispersed R-diameter silt particles 43 bridged with water menisci and bonding minerals, surrounding macro-pore spaces filled with 44 liquid and/or gas. They adopted a homogenization framework to formulate the stress as a 45 function of local micro-scale variables in an attempt to derive a tensorial effective stress for 46 unsaturated collapsing soils. Taking the loess system as a representative elementary volume 1 (REV) composed of distinct particles in interaction -via a suite of traction forces ( ( )) -the 2 average inter-particle stress can be written as: 3
for , = , , indicating the volume of solids, water and air. The first and second terms refer 5 to the partial pressures associated with solids and water, respectively, and represents the 6 REV's volume:
Within the framework of Cauchy's stress in closed domains and on expanding the water phase 9 (in absence of the stress implications of inter-particle liquid bridge), equation 2 becomes: 10
where hydrostatic pressures of water and air phases are represented, respectively, with and 14
, and is the Kronecker delta. is the total number of contact points (relying on the 15 packing type in the Euclidean space), is the location vector of the traction forces with respect 16 to particle centroid (see Fig. 15 In an open packing and upon formation of water menisci, particles are bridged through the 22 contractile skin (Γ ). The capillary forces form due to the gradient between the air and water 23 hydrostatic forces (air pressure on dry proportion of particles surface Γ and wet proportion of 24 particle's surface Γ ), as well as the pressure difference between air and water phases at the two 25 sides of the water menisci. Khosravani (2014) proposed an arithmetic formulation to incorporate 26 the capillary effect into the average inter-particle stress equation. More recently, Assadi-27 Langroudi and Jefferson (2016) proposed a geometric solution to the Laplace equation and wrote 28 the (capillary contact-level force) as a function of volume of the liquid bridge, contact angle 29 between for the contractile skin, external and internal radius of the principal curvature, distance 30 between particles, tensile strength, and the mean particle radius. Khosravani (2014) and Assadi-31 Langroudi (2014) both agreed to take the term in bracket in Eq.3 a representative of the inter-32 particle forces acting at contact points. The latter is an equivalent of the effective stress, ′ , that 33 applies to the solid skeleton in a soil. Khosravani (2014) with wetting time and degree of saturation. In Fig. 16 -a, ( ̅ − ) + (1 − ) represents 10 the balanced summation of skeletal, buoyant, hydrostatic, body weight and hydro-dynamic forces 11 at particle level.
( − ) is taken as the capillary stress tensor, incorporated within is the 12 contribution of matric suction and surface tension, ̅ is the total stress, and is the air 13 pressure. In Fig. 16-b , is the capillary traction force which enhances the effective stress (and 14 hence strength) and appear in tensorial form of ( − ). Recognition that the parameter 15 has a marked control on the effective stress is vital to understanding the collapse mechanism (as 16 it pertains in the packing science) in respect of the transition from BCC to Face Centred Packing 17 FCP. The parameter (also known as the effective degree of saturated) is itself a function of 18 matric suction. Within the framework of the double porosity concept and for a REV consisting of 19 an assembly of rigid particles interacting through buttress binding unit, Assadi-Langroudi (2014) 20 showed that the water influx into loess first affects the buttress inter-particle units. On full 21 saturation of bonds, water passes through the buttress bond units into the inter-particle macro-22 pore space. When matric suction drops below the air entry value, air pockets relocate from 23 macro-pores into micro-pores within buttress units. In fact, macro-pore air commences to 24 dissolve in micro-pore water (clay buttress units) prior to the water influx into macro-pore void 25 spaces. Air bubbles form in micro-pore space as the degree of saturation of micro pores fall to a 26 residual value. This eventually leads to the collapse of buttress units into macro-pore spaces. is always a nod to packing concepts in textbooks of soil mechanics and engineering geology but 35 it has not proved possible to incorporate packing discussions into the mainstream. It may be that 36 loess ground is the only engineering soil system in which it makes sense to invoke a packing 37 parameter when engineering properties are considered. This would be because the formation of 38 loess ground involves a uniquely 'packing-based' process in which constituent particles are 39 delivered to form a special packing structure. It would be an exaggeration but it is tempting to 40 state that all other soils are essentially more complex, have more complex mineralogies and more 41 complicated formation processes. Within the sequence of events involved in the formation of 42 loess deposit, the aeolian deposition is so totally dominant as a property determinant that the 43 packing aspect dominates the entire soil system. This does not happen in other soil systems -44 hence the packing studies have been neglected. 45
The collapse from e = 1.0 to e = 0.6 can represent the extent of collapse in a classically 1 collapsing soil such as loess. Particle movement is not extreme as indicated in the Morrow-2
Graves collapse curves where a move from 600 to 402 encompasses relevant collapse. In simple 3 packings this can be a simple shear deformation, as Kezdi effectively demonstrated. 4 We have reached a situation where the need to model and study collapse is perhaps less pressing examined. The interest in soil collapse should perhaps shift from the nature of the packing to the 8 nature of the inter-particle bond. It is the packing that provides metastability, and thus it must 9 remain of some interest, but it is the bonding which controls collapsibility. A rigid open structure 10 can be as strong as a rigid compact structure, but both can vary in interesting ways if there are 11 changes in the bonding systems. Assadi-Langroudi and Jefferson (2016) measured -for the first 12 time -a suite of particle level forces on the dry-to-wet stress state surface for an artificial 13 collapsing calcareous clayey Aeolian loess specimen. Their findings lend evidence to the double 14 porosity concept and led to a new form of the principle of effective stress for unsaturated 15 collapsing soils in which shear strength is a function of water retention, which is a function of 16 hydrodynamic stresses, dominantly influenced by packing. 17
In the study of packings there is the transition from regular to random to be negotiated. An 18 attempt was made to describe a random packing in the geoscience discipline by using a radial 19 distribution function (Smalley 1964 ) but this did not lead to any real progress. Nolan and 20
Kavanagh (1992) produced more interesting results-which can be applied to soil collapse 21 situations, see Dijkstra et al. (1995) . 22
It may be that now that there is some understanding of the 'natural' collapse of loess ground, that 23 some attention be focused on problems related to further consolidation and compaction. connectivities. Alfred North Whitehead made some relevant observations on generalizations: 38 "Too large a generalisation leads to mere barrenness. It is the large generalisation, limited by a 39 happy particularity, which is the fruitful conception." The happy particularity that we move 40 towards might be the recognition that loess is the only real collapsing soil; there are fringe 41 alternatives but these are small and local. Loess is the particular collapsible soil because it is the 42 only one in which the mode of formation is so packing-related. The aeolian particle deposition 43 produces a metastable packing, and this is the basis of all packing studies. Hence the relative 44 neglect of packing studies; hence the large focus on packing studies in the Soviet Union. Loess 45 relates to packing, which relates to collapsibility. 46 1 7. Conclusions 2 3
Early particle packing models - Graton and Fraser, 1935 and Smalley, 1971 -and the more 4 recent developments in experimental micro-mechanics -Santamarina, 2013, Khosravani, 2014 5 and Assadi-Langroudi and Jefferson, 2016 -have provided unique insight into the formation and 6 transition of packing state in collapsible soils, most widespread important of which is loess. The 7 original Graton and Fraser (1935) approach to particle packing can be improved. The rigorous 8 approach to the 'simple' packings produces nine definable packings which cover a void ratio 9 range from 0.91 to 0.35. 10
Collapse usually reduces the void ratio from about 1.0 to about 0.6 (roughly 600 to 402). This 11 can be modelled in two-dimensions using a simple Monte Carlo technique to produce the initial 12 packing, the same reduction in void ratio is observed. Collapse produces a more stable system 13 but a considerable pore structure remains; loess material has the potential to form relatively 14 unstable deposits even when remoulded. The great lurch towards stability represented by classic 15 hydroconsolidation represents the great increase in entropy in loess ground but problems remain. 16
The entropy in granular systems can be further reduced (Morgenstern 1963). Further compaction 17 may be possible/desirable (Kezdi 1979) , and should be investigated. 18
In the loess world there is some impact of packing considerations on to the 'proportionality' 19 discussion. The dominant causative factor in loess deposit formation is the aeolian sedimentation 20 of the silt particles, which forms the open packing; but there is a subsequent event -a 21 'loessification' type event in which the particle contacts are modified and collapsibility is 22 enhanced. The proportionality discussion concerns the relative importance of the two events; 23 which event controls the collapsible nature of loess and therefore which event is most critical in a 24 geotechnical sense? Actually the packing factor is critical; Capillary force at particle level: left ordinate axes
